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A B S T R A C T
In this study, Electro-Fenton (E-Fenton) reactions at pH 3.0 were initiated by cathodic generation of H2O2,
with subsequent production of OH following the addition of Fe(II) or Fe(III) ions into the system. The
variation in concentrations of H2O2, Fe(II), total Fe and OH following addition of Fe ions into the E-Fenton
system was investigated over a range of conditions. A kinetic model incorporating the key processes
operating in the E-Fenton system was developed with particular attention given to (i) cathodic
generation of H2O2 and anodic formation of OH, (ii) production of OH via homogeneous Fenton
reactions, and (ii) surface reactions including electro-sorption of Fe ions and cathodic reduction of Fe(III)
to Fe(II) species resulting in the enhancement of production of OH via surface-located Fenton reactions.
ã 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. INTRODUCTION
The classical Fenton reaction, achieved by mixing hydrogen
peroxide (H2O2) with a soluble Fe(II) salt, has been investigated
since the end of the 19th century. Under acidic conditions, this
homogeneous Fenton reaction generates hydroxyl radicals (OH)
that can non-selectively oxidize most organics to non-toxic
products [1]. Due to the relative ease of handing the reagents
involved in this process and the effective performance that can be
achieved at low cost, homogeneous Fenton reactions have been
widely applied in water and wastewater treatment [2,3]. However,
the classical Fenton process produces large amounts of ferric
oxyhydroxide sludge with the formation of this solid byproduct
inhibiting the catalytic role of iron in generating OH [4]. In
addition, neither the risks related to the transport, storage and
handling of H2O2 [5,6] nor the difﬁculty in optimizing the dosing of
the key reactants of Fe(II) ions and H2O2 [7] can be neglected,
particularly when it is recognised that overdosing of H2O2 leads to
consumption of OH. One approach to resolving these issues
involves the in-situ cathodic generation of H2O2, the cathodic
reduction of Fe(III) to Fe(II) species and, in instances where a
sacriﬁcial anode is used, the in-situ generation of Fe(II) [8]. This so-
called Electro-Fenton (or E-Fenton) process combines the advan-
tages of both the classical Fenton process and electrochemical
processes since the cathodic reduction of Fe(III) species can result
in (i) the continuous regeneration of Fe(II) at the cathode thereby
minimize the production of iron oxyhydroxide sludges, (ii) the in-
situ production of H2O2 thereby avoiding the risks associated with
the manipulation and overdosing of H2O2, and (iii) the anodic
production of Fe(II) ions (though Fe(II) ions can of course be added
independently if a sacriﬁcial anode is not used). The E-Fenton
process has now been relatively widely tested and found, once
optimized, to lead to essentially complete mineralization of
wastewater organics at a reasonable cost [9,10].
The generally accepted mechanism for the E-Fenton process
involves the initial cathodic generation of H2O2 (Eq. (1)) and/or
sacriﬁcial anodic production of Fe(II) ions (Eq. (2)) [11].
Cathode : O2þ2Hþþ2e ! H2O2 (1)
Sacrificial Anode : Feð0Þ ! FeðIIÞ þ 2e (2)
No matter whether H2O2 and Fe(II) are added externally or
generated in-situ by the E-Fenton system, the strongly oxidizing
OH is typically considered to be generated by the homogeneous
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Fenton reaction (Eq. (3)) [8] with degradation of organics resulting
from reaction with OH.
FeðIIÞ þ H2O2!H
þ
FeðIIIÞþOH þ H2O (3)
Although the generated Fe(III) can be further reduced by H2O2
(Eq. (4)) and hydroperoxyl radical (HO2) (Eq. (5)) to reproduce Fe
(II) and thereby reinitiate the Fenton “cycle”, the relatively slow
rate of the reaction of Fe(III) and H2O2 (Eq. (4)) (with a rate
constant that is approximately four orders of magnitude lower
than that of the reaction of Fe(II) and H2O2 (Eq. (3)) [12]) and low
steady-state concentration of HO2 under acidic conditions [13]
result in a relatively rapid consumption of Fe(II) in classical Fenton
systems.
FeðIIIÞ þ H2O2 ! FeðIIÞ þ HO

2þ Hþ (4)
FeðIIIÞ þ HO2 ! FeðIIÞ þ O2þ Hþ (5)
In the E-Fenton system, however, Fe(II) can be regenerated via the
reduction of Fe(III) at the cathode (Eq. (6)) [14–16] thus
contributing to enhancement of the catalytic role of iron in the
process; i.e.
Cathode : FeðIIIÞ þ e ! FeðIIÞ (6)
Under some conditions, OH may also be produced directly by the
oxidation of water (Eq. (7)) at the anode [17].
Anode : H2O!OH þ Hþ þ e (7)
To date, most studies of the E-Fenton process have focused on
experimental optimization of the removal of pollutants under
different conditions [18], and the improvement of degradation
performance using decorated electrodes [19–22] with, at best,
qualitative consideration given to the kinetics and mechanism of
the degradation of particular contaminants (such as dyes [23] and
pesticides [24]). Unfortunately, very little quantitative information
on the complex interplay that is likely to occur between H2O2, Fe
(II) and Fe(III) species, HO2 and OH in the E-Fenton system is
available with this lack of detailed understanding seriously
compromising our ability to optimize the performance of the E-
Fenton system. As such, we focus in this work on obtaining a better
understanding and, to the extent possible, quantiﬁcation of the
interactions between soluble and surface Fe(II) and Fe(III) species
and reactive oxygen species (H2O2, HO2 and OH) occurring in the
E-Fenton process.
2. MATERIALS AND METHODS
2.1. Reagents
All solutions were prepared using ultrapure 18 MV cm Milli-Q
water (MQ, Millipore). Analytical grade chemicals were purchased
from Sigma-Aldrich (or as otherwise stated) and used without
further reﬁnement. A 10.0 mM H2O2 stock solution was prepared
weekly by the dilution of a 30% w/v H2O2 solution and
standardized by UV–Vis spectrometry. A 60.0 mM H2O2 solution
was used for calibration of H2O2 measurement each day. Stock
solutions of 200 mM Amplex Red (AR, Invitrogen) mixed with
100.0 kU L1 horseradish peroxidase (HRP) for H2O2 determination
were prepared and stored at 80 C when not in use.10.0 mM Fe(II)
and Fe(III) stock solutions were prepared by dissolving an
appropriate amount of ferrous sulphate (FeSO4) and ferric sulphate
(Fe2(SO4)3) in acidiﬁed MQ (pH 2), respectively. A 50.0 mM
ferrozine stock solution was prepared for the determination of Fe
(II) and total Fe. A 1.4 M hydroxylamine hydrochloride stock
solution was prepared in a 2 M HCl solution. A 0.55 mM
phthalhydrazide (Phth, 99%, Aldrich) solution (for hydroxyl radical
trapping) was prepared by stirring at 45 C for several hours until
solid was no longer visible. Diperiodatocuprate(III) (DPC) (used for
“triggering” light release from the trapped hydroxyl radicals) was
synthesized following a previously published method [25].
2.2. Experimental Setup
The E-Fenton experiments were conducted in an open, glass
cubic cell at room temperature (22 C). Graphite sheets with a
working surface area of 40 cm2 and a thickness of 0.2 cm were used
as electrodes in this E-Fenton system. 300 mL of electrolyte
containing 0.02 M sodium sulfate was added to the cell with the
initial pH of the solution adjusted to 3.0 by using 1 mM sulfuric
acid. A DC power supply with constant voltage and current of 1.0 V
and 0.5 mA, respectively, was used for E-Fenton experiments. To
initiate the E-Fenton reaction, certain amounts of Fe(II) or Fe(III)
stock solutions were dosed into the electrolyte solution following
thirty minutes of air sparging (20 L min1) using an air pump
(Air2000-5, UniStar) in order to ensure that the electrolyte was air-
saturated. Fe(II) and Fe(III) concentrations of 5 and 10 mM were
used in initial studies with the ion activity products at pH 3.0 well
below the solubility product for Fe(OH)2(s) (log Ks = 15.1) and
amorphous FeOOH(s) (log Ks = 38.2), respectively [26], indicating
that Fe precipitation is not expected to occur under the
experimental conditions used. According to calculations using
the equilibrium speciation program Visual Minteq, Fe2+ (42.7%)
and FeSO4(aq) (57.3%) are the dominant Fe(II) species present
while the major Fe(III) species present are Fe3+ (2.0%), FeOH2+
(5.8%), Fe(OH)2+ (0.5%), FeSO4+ (76.8%) and Fe(SO4)2 (14.8%).
2.3. Determination of H2O2
H2O2 concentrations were measured using the Amplex Red
method [27]. Speciﬁcally, AR is oxidized by H2O2 in the presence of
HRP, leading to the formation of a highly ﬂuorescent product that
emits light at 587 nm upon excitation at 563 nm allowing the
quantiﬁcation of H2O2 in the solution. Samples for H2O2
determination were manually withdrawn from the reactor and
then mixed in a quartz cuvette with AR/HRP stock solution at ﬁnal
AR and HRP concentrations of 2.0 mM and 1 kU L1, respectively.
The ﬂuorescence of the sample was measured in a Cary Eclipse
spectrophotometer using settings described previously [28,29].
For H2O2 quantiﬁcation, a calibration curve encompassing H2O2
concentrations over the range of 75–600 nM was obtained.
2.4. Determination of Fe(II) and Total Fe
The concentrations of Fe(II) and total Fe were measured by the
ferrozine method [30]. A 60 mL aliquot of 50 mM ferrozine was
added to a 1 mL sample to bind Fe(II) and the absorbance of the
resultant Fe(II)-ferrozine complex determined at 562 nm using a
Cary50 UV-Vis spectrophotometer. The total Fe concentration was
measured after reducing any Fe(III) species present to Fe(II)
followed by colorimetric determination. The reduction was
achieved by adding 180 mL hydroxylamine hydrochloride stock
solution into the mixture containing the sample and ferrozine and
allowing twenty minutes for the reaction to proceed to completion.
2.5. OH Determination
OH was ascertained by a “trip-and-trigger” method where E-
Fenton generated OH reacted with Phth to form the chemilumi-
nescing 5-hydroxy-2,3-dihydro-1,4-phthalazinedione (Phth-OH)
[31,32]. A peristaltic pump was used to separately deliver the
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samples containing 0.55 mM Phth and the mixture of DPC and
H2O2 into the ﬂow cell of a FeLume CL system (Waterville
Analytical) at a ﬂow rate of 3.8 mL min1. The system was
calibrated by the addition of homogeneous Fenton generated
Phth-OH stock into the electrolyte.
2.6. Electrochemical Characterization
Cyclic voltammetry (CV) of the electrolyte (20 mM NaSO4) in
the absence and presence of 1 mM Fe(II) at pH 3.0 was undertaken
using a CHI 650D Electrochemical Workstation with a graphite rod
(0.2  0.2  5.0 cm) as the working electrode, a platinum electrode
as the counter electrode, and saturated Ag/AgCl electrode (SSE) as
the reference electrode. The measurements were carried out over a
potential range of 0.5 to +1.2 V (vs. SSE) with a scan rate of
50 mV s1.
2.7. Kinetic Modeling
Speciation calculations were performed using Visual MINTEQ
(Version 2.61, KTH Stockholm) while kinetic modeling was
undertaken using Kintek Explorer [33]. Analysis of the sensitivity
of species concentrations in the model to perturbations in various
rate constants was undertaken using Kintecus by determining
normalized sensitivity coefﬁcients (NSCs) following previously
published methods [34,35]. NSCs were determined numerically at
10 equally spaced time intervals over a one hour duration of E-
Fenton reactions following the addition of Fe(II) and Fe(III) stock
solutions, respectively.
3. RESULTS
3.1. Cathodic Generation of H2O2
The cathodic production of H2O2 (Eq. (1)) following thirty-
minute air sparging in the pH 3.0 electrolyte solutions has been
investigated, as shown in Fig. 1. It can be observed that the
generation of H2O2 increased linearly with reaction time with
17.3 mM H2O2 produced after one hour reaction (Fig. 1a). With the
addition of 5.0 and 10.0 mM Fe(II) into the E-Fenton system, the
concentration of H2O2 generated cathodically decreased to 15.9
and 13.2 mM after one-hour reaction respectively (Fig. 1a) with the
reduction in H2O2 concentration possibly a result of the
consumption of H2O2 by Fe(II) via the Fenton reaction (Eq. (3)).
In comparison, the concentration of H2O2 decreased to 17.4 and
15.3 mM after one-hour exposure following the addition of 5.0 and
10.0 mM Fe(III) respectively (Fig. 1b), suggesting that cathodically
generated H2O2 can be consumed by reaction with Fe(III), possibly
due to the direct reaction of Fe(III) and H2O2 (Eqs. (4) and (5)) and/
or indirect reaction mediated by the cathodic reduction of Fe(III) to
Fe(II) (Eq. (6)).
3.2. Variation of Fe(II) and Total Fe
It can be observed from Fig. 2a that one hour after commencing
the reactions, the concentration of Fe(II) decreased to 0.7 and
1.2 mM following the addition of 5.0 and 10.0 mM Fe(II),
respectively. A sigmoidal variation in concentration of Fe(II) is
evident with the decrease in Fe(II) concentration proceeding
slowly during the ﬁrst ten minutes, presumably due to the limited
amount of H2O2 cathodically generated at these early times
followed by a progressive increase in the decay rate as the amount
of H2O2 increased and again slowing down at later times when low
residual concentrations of Fe(II) were present. In comparison, after
one-hour reaction, the concentration of Fe(II) increased to 1.5 and
2.5 mM following the addition of 5.0 and 10.0 mM Fe(III)
respectively (Fig. 2b), demonstrating that the reduction of Fe(III)
species to Fe(II) occurs in the E-Fenton system (Eqs. (4)–(6)).
As observed from Figs. 2c and 2d, the total Fe concentration (the
sum of the concentrations of Fe(II) and Fe(III) species) in the
solution was observed to decrease by 19.2% and 21.5% during one-
hour reaction following the addition of 5.0 and 10.0 mM Fe(II)
respectively to the E-Fenton system, while total Fe concentration
was reduced by 15.5% and 17.4% following the addition of 5.0 and
10.0 mM Fe(III) respectively. Here the loss of total Fe from solution
can most likely be attributed to the adsorption of Fe(II) and Fe(III)
species to the electrodes as FeOOH(s) precipitation is not expected,
as noted earlier, at the pH and total Fe concentration used. It should
also be noted that the amount of total Fe in the solution decreased
by 15% while 90% of Fe(II) was removed from solution following
one-hour reaction (Fig. 2a and c), indicating that the transforma-
tion of Fe(II) to Fe(III) (Eq. (3)) is a signiﬁcant process in the E-
Fenton system under investigation here.
3.3. Formation of OH
Signiﬁcant production of Phth-OH (and, by inference, OH) was
observed following the addition of Fe(II) to the E-Fenton system,
with 2.2 and 3.7 mmoles of OH (equivalent to cumulative
concentrations in the 300 mL electrolyte solution of 7.2 and
12.2 mM) generated after one-hour reaction following the addition
Fig. 1. Cathodic production of H2O2 from E-Fenton system following the addition of
(a) Fe(II) and (b) Fe(III) at pH 3.0.Symbols are experimental data; solid lines are
model values; Error bars are sample standard deviations from triplicate
measurements.
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of 5.0 and 10.0 mM Fe(II) respectively (Fig. 3a). With addition of 5.0
and 10.0 mM Fe(III) into the system, on the other hand, 1.3 and
2.0 mmoles of OH respectively (equivalent to cumulative concen-
trations of 3.9 and 6.1 mM respectively) were generated over a one-
hour reaction time (Fig. 3b). In addition, it can be observed from
Fig. 3a that 0.4 mM OH can be produced within one-hour reaction
in the absence of Fe ions, suggesting that OH could be produced
from the oxidation of water at the anode, as shown in Eq. (7).
4. DISCUSSION
By conducting a variety of kinetic and manipulative experi-
ments, we have been able to develop a kinetic model for the
cathodic generation of H2O2 and the resultant generation of OH
on addition of either Fe(II) or Fe(III) to the electrochemical reactor
at pH 3. Core components of this model are the inclusion of (i)
electrochemical reactions resulting in the production of H2O2 and
OH, (ii) homogeneous Fenton reactions and (iii) surface
reactions. While the nature of the reactions involved in the
homogeneous Fenton process are reasonably well understood
[12,35–37], quantitative understanding of the processes control-
ling oxidant production in the E-Fenton system is quite
preliminary and is in need of substantive development if the
E-Fenton mediated oxidation of contaminants is to be reliably
optimized.
4.1. Production of H2O2 and
OH at the Electrodes
Under acidic conditions, O2 is known to undergo reduction
reactions on the surface of a cathode via: (i) an H2O2 pathway (Eqs.
(1) and (8)) and/or (ii) a direct four-electron pathway (Eq. (9)) [11]:
Cathode : H2O2 þ 2Hþ þ 2e ! 2H2O (8)
Cathode : O2þ4Hþþ4e ! 2H2O (9)
Although the two-electron reduction of O2 to H2O2 (Eq. (1)) is
favoured over its four-electron reduction to water (Eq. (9)) under
acidic conditions (E0 = 0.695 V vs. SHE for Eq. (1) compared to
E0 = 1.23 V vs. SHE for Eq. (9)) [8], the presence of parasitic reactions
(such as Eqs. (8) and (9)) lowers current efﬁciency (h, %) for H2O2
accumulation (Eq. (10)):
Fig. 2. Variation in Fe(II) concentration following the addition of (a) Fe(II) and (b) Fe(III) at pH 3.0; Decrease in total Fe concentration following the addition of (c) Fe(II) and (d)
Fe(III) at pH 3.0. Symbols are experimental data; solid lines are model values; dotted lines are the model values without incorporating surface reactions (Reactions 12-17 in
Table 1); Error bars are sample standard deviations from triplicate measurements. Experiments with DC power supply (* and !); Experiments without DC power supply (
and 5).




where I is the current intensity (0.5 mA), t is the time that constant
current is applied, n is the number of electrons transferred per
molecule in the reaction of interest (n = 2 for the reduction of one
molecule of O2 to one molecule of H2O2), F is the Faraday constant
(96,485C mol1) and V is the volume of solution (0.3 L). Based on
pseudo zero-order kinetics (due to constant O2 concentration and
pH), a value of 5.75 109M s1 for the accumulation rate of H2O2
(reaction 1 in Table 1) at pH 3.0 is deduced from the slope of the
[H2O2] versus time plot in Fig. 1. By deﬁnition, the h is then
calculated as 34% over 1 h electrolysis time.
In addition to the cathodic production of H2O2, OH could be
generated at the anode by electrolysis of water (reaction 2 in
Table 1). The anodic oxidation of water follows pseudo zero-order
kinetics (as H2O concentration is effectively constant), resulting in
a rate constant of 1.0  1010M s1 deduced from the slope of the
production of Phth-OH at pH 3.0 electrolyte solution (Fig. 3a).
4.2. Homogeneous Fenton Reactions
Both the reduction in concentration of cathodically generated
H2O2 following the addition of 5 and 10 mM Fe(II) into the E-Fenton
reactor (Fig. 1a) and the decrease in Fe(II) concentration in solution
following the initial addition of Fe(II) to the reactor (Fig. 2a)
provide evidence that the electro-generated H2O2 is reacting with
the added Fe(II). As the identity and rate constants of the key
reactions in the homogeneous Fenton process have been reason-
ably well established [38], we can combine this established Fenton
reaction set (reactions 3-11 in Table 1) with reactions describing
the cathodic production of H2O2 (reaction 1 in Table 1) in order to
assess whether the homogeneous Fenton processes adequately
accounts for the time varying concentrations of H2O2, Fe(II) and
OH in the E-Fenton reactor. As can be seen from the model ﬁts
shown in Figs. 1a and 2a, reaction 1 and reactions 3-11 are able to
satisfactorily describe the reduction in rate of cathodic generation
of H2O2 and the observed Fe(II) consumption that occurs with time
following the addition of Fe(II). However, the model only
incorporating cathodic generation of H2O2 (reaction 1 in Table 1)
and homogenous Fenton reactions (reactions 3-11 in Table 1) is not
able to describe the generation of Fe(II) following the addition of Fe
(III) to the E-Fenton system (dotted line in Fig. 2b), where the
simulated generation rate of Fe(II) is negligible compared to the
observed rate, further conﬁrming the occurrence of the reduction
of Fe(III) to Fe(II) at the cathode surface followed by the initiation of
Fenton reactions by Fe(II). More details on these proposed surface
reactions are provided in the next section.
By examination of Fig. 3a, it is apparent that one hour after the
E-Fenton process was initiated by the addition of either 5.0 or
10.0 mM Fe(II), the total accumulated concentrations of Phth-OH
(and, by inference, OH) were 7.2 and 12.2 mM, respectively, which
were 2.2 and 2.2 mM higher than the concentrations of Fe(II) added
initially. These results not only provide evidence of formation of
OH but also suggest that Fe(II) must be regenerated in the E-
Fenton system. However, the model incorporating the cathodic
generation of H2O2 (reaction 1 in Table 1), the anodic production of
OH (reaction 2 in Table 1) and homogeneous Fenton reactions
(reactions 3-11 in Table 1) predicts a much lower generation rate of
OH following the addition of Fe(II) and Fe(III) into the E-Fenton
reactor (dotted lines in Figs. 3a and b) than that deduced from the
experimental data. This difference between model and experiment
suggests that Fe(II)/Fe(III)-mediated surface reactions may induce
the formation of OH via a heterogeneous Fenton process.
4.3. Surface Reactions
Although a loss of total Fe from the solution phase was clearly
observed in the E-Fenton system (Fig. 2c and d), minimal loss of
total Fe from solution was observed in the absence of an applied
cell potential (Figs. 2c and d) with this result showing that the
concentration gradient-driven diffusion of Fe ions to the cathode is
negligible. It can be also observed from Figs. 2c and d that a very
similar Fe adsorption proﬁle occurs following the addition of Fe(II)
and Fe(III) respectively, suggesting that the difference in the mass/
charge ratio between Fe(II) and Fe(III) has insigniﬁcant effect on
both adsorption equilibrium and kinetics of Fe ions on the
electrode (additional details provided in SI Fig. S1). With the
equilibrium adsorption constant for the adsorption of Fe(II) (and Fe
(III)) to the cathode ﬁxed at 9  103M1, we determine values of
4.5 M1 s1 and 5.0  104 s1 for the rate constants of adsorption
(reactions 12 and 13 in Table 1) and desorption of Fe(II) (and Fe(III))
(reactions 14 and 15 in Table 1) based on the best ﬁt to the
experimental data for the adsorption equilibrium and kinetics of
total Fe following the addition of Fe(II) (and Fe(III)), respectively.
Fig. 3. Production of OH from the E-Fenton system following the addition of (a) Fe
(II) and (b) Fe(III) at pH 3.0. Symbols are experimental data; solid lines are model
values; dotted lines are the model values without incorporating surface reactions
(Reactions 12-17 in Table 1); dashed lines are the model values without
incorporating surface Fenton reactions (Reaction 17 in Table 1). Error bars are
sample standard deviations from triplicate measurements.
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One of the advantages of the E-Fenton system is that OH can be
continuously produced as a result of the electro-regeneration of Fe
(II) through the cathodic reduction of adsorbed Fe(III) species.
While no signiﬁcant oxidation or reduction peak was observed in
the CV of the control electrolyte, the CV of the electrolyte following
the addition of 1 mM Fe(II) revealed a notable reduction peak at
0.55 V vs. SSE (as shown in Fig. 4), suggesting that the redox
reaction occurring on the cathode of E-Fenton system could be
attributed to Fe(III) reduction. To quantify the rate constant for the
cathodic reduction of adsorbed Fe(III) (reaction 16 in Table 1), the
generation of Fe(II) was measured following the addition of 5 and
10 mM Fe(III) into the E-Fenton system, respectively. As can be seen
from Fig. 2b (solid line), the model incorporating cathodic
generation of H2O2 (reaction 1 in Table 1), homogeneous Fenton
reactions (reaction 3-11 in Table 1), electro-sorption of Fe ions
(reactions 12-15 in Table 1) and cathodic reduction of Fe(III)
(reaction 16 in Table 1) provides a reasonable description of the
generation of Fe(II) data at initial concentrations of 5.0 and
10.0 mM Fe(III) with the rate constant for cathodic reduction of Fe
(III) (reaction 16 in Table 1) determined to have a value of >0.1 s1.
Some discrepancy between the experimental data and predicted
values is evident in Fig. 2b with the discrepancy possibly
attributable to the variance in rate constants of surface reactions
(Reactions 12-16 in Table 1) over time. For instance, the adsorption
of Fe(III) during the initial period could occur with a higher rate
constant than that at later time due to a loss of surface reactive
sites on the electrodes as the reaction proceeds.
Despite the fact that the involvement of surface reactions
including electro-sorption of Fe(II) and Fe(III) (reactions 12-15 in
Table 1) and cathodic reduction of Fe(III) (reaction 16 in Table 1) on
the electrode improved the performance of the model with regard
to prediction of the production of OH in the E-Fenton system
(dashed lines in Fig. 3), the model prediction of the generation of
OH is still lower than the experimental data, demonstrating that
other surface reactions may well be involved. One possibility is that
Fenton processes are occurring at the electrode surface resulting in
enhancement of the generation of OH from the cathode. As the
generation of H2O2 (reaction 1 in Table 1) and sorption of Fe(II)
(reaction 12 in Table 1) occurred cathodically at the same time, it is
reasonable to assume that the surface Fenton reactions are
initiated through the interaction of surface-associated Fe(II) with
cathodically generated H2O2 (reaction 17 in Table 1) followed by
the cathodic reduction of generated Fe(III) to Fe(II) (reaction 16 in
Table 1) enabling the ongoing production of OH. To conﬁrm the
occurrence of Fe-mediated surface Fenton reactions in the E-
Fenton system, the graphite plates used after one hour operation of
the E-Fenton system were withdrawn without being washed and
then immersed directly into the same system containing NaSO4
electrolyte only followed by the monitoring of the generation of
Table 1
Proposed Model and Rate constants for the E-Fenton reactions at pH 3.0.
No. Reaction Rate constant References
Generation of H2O2 and OH at Electrodes
1 cathode: O2+ 2H++ 2 e–! H2O2 5.9  109M s1a this study
2 anode: H2O !OH + H+ + e– 1 1010M s1a this study
Classical Fenton Reactions
3 Fe(II) + H2O2!H
þ
Fe(III) + OHb + H2O
55.0 M1 s1 [12]
4 Fe(III) + H2O2! Fe(II) + HO2+ H+ 2.0  103M1 s1 [12]
5 Fe(III) + HO2! Fe(II) + O2+ H+ 1.8  106M1 s1 [12]
6 Fe(II) + OH !H
þ
Fe(III) + OH 3.2  10
8M1 s1 [12]
7 Fe(II) + HO2!H
þ
Fe(III) + H2O2
1.3  106M1 s1 [12]
8 H2O2 + OH ! HO2+ H2O 2.0  107M1 s1 [39]
9 HO2 + HO2! H2O2 + O2 2.3  106M1 s1 [13]
10 OH + HO2! H2O + O2 7.2  109M1 s1 [39]
11 OH + OH ! H2O2 5.2  109M1 s1 [39]
Surface Reactions
12 Fe(II) + Cc! Fe(II)RC 4.5 M1 s1 This study
13 Fe(III) + C ! Fe(III)RC 4.5 M1 s1 This study
14 Fe(II)RC ! Fe(II) + C 5.0  104 s1 This study
15 Fe(III)RC ! Fe(III) + C 5.0  104 s1 This study
16 Fe(III)RC + e–! Fe(II)RC >0.1 s1 This study
17 Fe(II)RC + H2O2!H
þ
Fe(III)RC + OH(s)b + H2O
1.0  102M1 s1 This study
18 OHtotb + Phth !O2 PhthOH + HO2 5.3  10
9M1 s1 [31]
a The values of 5.9  109 and 1.0  1010M s1 represent the rates of Reactions 1 and 2.
b OH represents solution-phase hydroxyl radicals; OH(s) represents surface-generated hydroxyl radicals on the electrode; OHtot represents the sum of OH and OH(s).
c C presents the surface sites of graphite electrodes; the total number of adsorption sites for Fe ions on graphite electrodes is 26 mM (more details as shown in SI
Section S1).
Fig. 4. Cyclic voltammetry of the eletrolyte in the absence and presence of Fe(II) at
pH 3.0.
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OH. It can be observed from SI Fig. S2 that the concentration of
OH generated from the pre-used electrodes was 1.0–1.3 mM
following 1 h reaction, which was higher than that generated from
the anodic oxidation of water (0.4 mM), demonstrating that
surface-associated Fe ions are capable of reacting with H2O2
generated cathodically to induce surface Fenton reactions.
Due to uncertainty regarding appropriate values for the rate
constants of surface reactions hypothesized to be involved in the E-
Fenton process, sensitivity analysis (SI Fig. S3) was applied in order
to identify the relative importance of the various reactions in the
proposed model (Table 1) toward generation of OH with time in
the E-Fenton system. As the interaction of Fe(II) with cathodically
generated H2O2 (reaction 3 in Table 1) is the dominant reaction in
the set of homogeneous Fenton reactions with regard to the
production of OH, the reaction of surface-associated Fe(II) with
cathodically generated H2O2 (reaction 17 in Table 1) as the only
representative reaction of surface Fenton reactions was incorpo-
rated into the model with an “arbitrary” rate constant of
1.0  102M1 s1 providing an excellent description of the rate
and extent of OH formation observed in this study.
5. CONCLUSIONS
Overall, the general conceptual model advanced in this work
extends upon the previous reported kinetic models with two
important new features; namely (i) quantitative understanding of
cathodic reduction processes (such as H2O2 production and Fe(II)
re-generation), and (ii) quantiﬁcation of the interactions between
both soluble and surface associated Fe(II/III) species and reactive
oxygen species (such as H2O2 and OH) occurring in the E-Fenton
system. The kinetic model presented in Table 1 derived from this
conceptual model is able to successfully simulate experimental
data obtained over a wide range of conditions (Figs. 1, 2 and 3). A
schematic of the key processes presented in the model is shown in
Fig. 5. Although scope for reﬁnement exists, the results highlight
both the importance of understanding the key underlying
processes occurring in such systems and the potential for
optimising performance based on judicious selection of operating
conditions.
ACKNOWLEDGEMENT
We gratefully acknowledge the HIT-UNSW International
Workshop and Australia-China Consortium for Water Research.
Funding provided by Major Special Technological Programmes
Concerning Water Pollution Control and Management (Grant No.
2012ZX07201002-3) is also gratefully acknowledged.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.
electacta.2015.06.103.
References
[1] M. Umar, H.A. Aziz, M.S. Yusoff, Trends in the use of Fenton, electro-Fenton and
photo-Fenton for the treatment of landﬁll leachate, Waste Management 30
(2010) 2113–2121.
[2] W.P. Ting, M.C. Lu, Y.H. Huang, The reactor design and comparison of Fenton,
electro-Fenton and photoelectro-Fenton processes for mineralization of
benzene sulfonic acid (BSA), J. Hazard. Mater. 156 (2008) 421–427.
[3] M.C. Lu, Y.F. Chang, I.M. Chen, Y.Y. Huang, Effect of chloride ions on the
oxidation of aniline by Fenton’s reagent, J. Environ. Manage. 75 (2005) 177–
182.
[4] Z.M. Qiang, J.H. Chang, C.P. Huang, Electrochemical regeneration of Fe2+ in
Fenton oxidation processes, Water Res. 37 (2003) 1308–1319.
[5] E. Rosales, O. Iglesias, M. Pazos, M.A. Sanroman, Decolourisation of dyes under
electro-Fenton process using Fe alginate gel beads, J. Hazard. Mater. 213 (2012)
369–377.
[6] J.M. Peralta-Hernandez, Y. Meas-Vong, F.J. Rodriguez, T.W. Chapman, M.I.
Maldonado, L.A. Godinez, In situ electrochemical and photo-electrochemical
generation of the fenton reagent: A potentially important new water
treatment technology, Water Res. 40 (2006) 1754–1762.
[7] C.K. Duesterberg, T.D. Waite, Process optimization of Fenton oxidation using
kinetic modeling, Environ. Sci. Technol. 40 (2006) 4189–4195.
[8] E. Brillas, I. Sires, M.A. Oturan, Electro-Fenton process and related
electrochemical technologies based on Fenton’s reaction chemistry, Chem.
Rev. 109 (2009) 6570–6631.
[9] I. Sires, E. Guivarch, N. Oturan, M.A. Oturan, Efﬁcient removal of
triphenylmethane dyes from aqueous medium by in situ electrogenerated
Fenton's reagent at carbon-felt cathode, Chemosphere 72 (2008) 592–600.
[10] M.A. Oturan, E. Guivarch, N. Oturan, I. Sires, Oxidation pathways of malachite
green by Fe3+-catalyzed electro-Fenton process, Appl. Catal. B-Environ. 82
(2008) 244–254.
[11] Z.M. Qiang, J.H. Chang, C.P. Huang, Electrochemical generation of hydrogen
peroxide from dissolved oxygen in acidic solutions, Water Res. 36 (2002) 85–
94.
[12] C.K. Duesterberg, S.E. Mylon, T.D. Waite, pH Effects on iron-catalyzed oxidation
using Fenton’s Reagent, Environ. Sci. Technol. 42 (2008) 8522–8527.
[13] B.H.J. Bielski, A.O. Allen, Mechanism of Disproportionation of Superoxide
Radicals, J. Phy. Chem. 81 (1977) 1048–1050.
[14] S.S. Chou, Y.H. Huang, S.N. Lee, G.H. Huang, C.P. Huang, Treatment of high
strength hexamine-containing wastewater by Electro-Fenton method, Water
Res. 33 (1999) 751–759.
[15] A.D. Moreno, B.A. Frontana-Uribe, R.M.R. Zamora, Electro-Fenton as a feasible
advanced treatment process to produce reclaimed water, Water Sci. Technol.
50 (2004) 83–90.
[16] E. Brillas, J. Casado, Aniline degradation by Electro-Fenton and peroxi-
coagulation processes using a ﬂow reactor for wastewater treatment,
Chemosphere 47 (2002) 241–248.
[17] J. Casado, J. Fornaguera, M.I. Galan, Pilot scale mineralization of organic acids
by electro-Fenton process plus sunlight exposure, Water Res. 40 (2006) 2511–
2516.
[18] M.M. Ghoneim, H.S. El-Desoky, N.M. Zidan, Electro-Fenton oxidation of Sunset
Yellow FCF azo-dye in aqueous solutions, Desalination 274 (2011) 22–30.
[19] C.T. Wang, J.L. Hu, W.L. Chou, Y.M. Kuo, Removal of color from real dyeing
wastewater by Electro-Fenton technology using a three-dimensional graphite
cathode, J. Hazard. Mater. 152 (2008) 601–606.
[20] J. Virkutyte, E. Rokhina, V. Jegatheesan, Optimisation of Electro-Fenton
denitriﬁcation of a model wastewater using a response surface methodology,
Bioresource Technol. 101 (2010) 1440–1446.
[21] H. Li, X. Zhu, Y. Jiang, J. Ni, Comparative electrochemical degradation of
phthalic acid esters using boron-doped diamond and Pt anodes, Chemosphere
80 (2010) 845–851.
[22] G.R. Agladze, G.S. Tsurtsumia, B.I. Jung, J.S. Kim, G. Gorelishvili, Comparative
study of hydrogen peroxide electro-generation on gas-diffusion electrodes in
undivided and membrane cells, J. Appl. Electrochem. 37 (2007) 375–383.
[23] A.M. Wang, J.H. Qu, J. Ru, H.J. Liu, J.T. Ge, Mineralization of an azo dye Acid Red
14 by electro- Fenton's reagent using an activated carbon ﬁber cathode, Dyes
Pigments 65 (2005) 227–233.Fig. 5. Schematic presentation of E-Fenton reactions following external dosing of Fe
(II).
S. Qiu et al. / Electrochimica Acta 176 (2015) 51–58 57
[24] W.P. Ting, M.C. Lu, Y.H. Huang, Kinetics of 2,6-dimethylaniline degradation by
electro-Fenton process, J. Hazard. Mater. 161 (2009) 1484–1490.
[25] T.P. Jose, S.M. Tuwar, Oxidation of threonine by the analytical reagent
diperiodatocuprate(III) - An autocatalysed reaction, J Mol Struct 827 (2007)
137–144.
[26] F.M.M. Morel, J.G. Hering, Principles and Applications of Aquatic Chemistry,
John Wiley & Sons, New York, USA, 1993.
[27] M. Zhou, Z. Diwu, N. Panchuk-Voloshina, R.P. Haugland, A stable
nonﬂuorescent derivative of resoruﬁn for the ﬂuorometric determination of
trace hydrogen peroxide: Applications in detecting the activity of phagocyte
NADPH oxidase and other oxidases, Anal. Biochem. 253 (1997) 162–168.
[28] D. He, A.M. Jones, S. Garg, A.N. Pham, T.D. Waite, Silver nanoparticle-reactive
oxygen species interactions: Application of a charging-discharging model, J.
Phys. Chem. C 115 (2011) 5461–5468.
[29] D. He, S. Garg, T.D. Waite, H2O2-mediated oxidation of zero-valent silver and
resultant interactions among silver nanoparticles, silver ions, and reactive
oxygen species, Langmuir 28 (2012) 10266–10275.
[30] X.M. Wang, T.D. Waite, Iron speciation and iron species transformation in
activated sludge membrane bioreactors, Water Res. 44 (2010) 3511–3521.
[31] C. Miller, A. Rose, T.D. Waite, Phthalhydrazide chemiluminescence method for
determination of hydroxyl radical production: modiﬁcations and adaptations
for use in natural systems, Anal. Chem. 83 (2011) 261–268.
[32] D. He, C.J. Miller, T.D. Waite, Fenton-like zero-valent silver nanoparticle-
mediated hydroxyl radical production, J. Catal. 317 (2014) 198–205.
[33] K.A. Johnson, Z.B. Simpson, T. Blom, Global Kinetic Explorer: A new computer
program for dynamic simulation and ﬁtting of kinetic data, Anal. Biochem. 387
(2009) 20–29.
[34] A.L. Rose, T.D. Waite, Predicting iron speciation in coastal waters from the
kinetics of sunlight-mediated iron redox cycling, Aquat Sci 65 (2003) 375–383.
[35] A.N. Pham, T.D. Waite, Oxygenation of Fe(II) in natural waters revisited: Kinetic
modeling approaches, rate constant estimation and the importance of various
reaction pathways, Geochim. Cosmochim. Ac. 72 (2008) 3616–3630.
[36] M. Fujii, H. Ito, A.L. Rose, T.D. Waite, T. Omura, Superoxide-mediated Fe(II)
formation from organically complexed Fe(III) in coastal waters, Geochim.
Cosmochim. Ac. 72 (2008) 6079–6089.
[37] C.J. Miller, A.L. Rose, T.D. Waite, Hydroxyl radical production by H2O2-mediated
oxidation of Fe(II) complexed by Suwannee river fulvic acid under circumneutral
freshwater conditions, Environ. Sci. Technol. 47 (2013) 829–835.
[38] E. Yamal-Turbay, E. Jaen, M. Graells, M. Perez-Moya, Enhanced photo-Fenton
process for tetracycline degradation using efﬁcient hydrogen peroxide dosage,
J. Photoch. Photobio. A 267 (2013) 11–16.
[39] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical review of rate
constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl
radicals in aqueous solution, J. Phys. Chem. Ref. Data 17 (1988) 513–886.
58 S. Qiu et al. / Electrochimica Acta 176 (2015) 51–58
